The (re)design of enzymes to catalyze "new" reactions is a topic of considerable practical and intellectual interest. Directed evolution (random mutagenesis followed by screening/selection) has been used widely to identify novel biocatalysts. However, "rational" approaches using either natural divergent evolution or computational predictions based on chemical principles have been less successful. This review summarizes recent progress in evolution-and computation-based (re)design.
Introduction
The idea of "made-to-order" enzymes both fascinates and challenges chemical biologists. The fascination is that if we understand principles of catalysis, we should be able to design "new" enzymes, using either modifications of the structures of natural proteins or, even, de novo scaffolds. The challenge is that, in contrast to natural evolution, laboratory design must be focused and rapid.
This review focuses on (re)design of members of mechanistically diverse superfamilies. Also, examples of computational (re)design of novel activities in unrelated structural scaffolds are described. Structure-based approaches for (re)design [e.g., [1] [2] [3] [4] have been reviewed [e.g., 5, 6] .
Natural evolution of function: mechanistically diverse superfamilies
Mechanistically diverse superfamilies provide opportunities to decipher Nature's strategies for evolving "new" functions in a conserved structural scaffold and to use that information to guide (re)design [7] . The members catalyze different reactions that share a catalytic strategy [8] . In the enolase superfamily (the first mechanistically diverse superfamily that was discovered [9] ), an active site base abstracts the α-proton of a carboxylate substrate to generate an enediolate intermediate stabilized by coordination to an essential Mg 2+ ; different products are formed in a second, divergent partial reaction [10, 11] . Interchanging reactions catalyzed by members of mechanistically diverse superfamilies might be envisioned as "easy" exercises in (re)design: if Nature did it, why can't we? Indeed, such speculation began as soon as the enolase superfamily was discovered [12] . Anecdotally, many attempts at interchanging activities in mechanistically diverse superfamilies have since been attempted, but few successes have been realized. Homologous enzymes that catalyze different reactions usually share ≤40% sequence identity, suggesting that optimization of a "new" function requires many substitutions. However, the introduction of a selectable level of a "new" function should be expected to occur with a minimal number of substitutions (one ?) [13] .
Members of mechanistically diverse superfamilies often are promiscuous, catalyzing their physiological reaction as well as other reactions that may not be those catalyzed by homologous members of the superfamily [13] . This promiscuity provides opportunistic "starting points" for both in vivo and in vitro evolution of new functions. Indeed, the enhancement and exploitation of catalytic promiscuity has emerged as an important strategy for developing novel biocatalysts that has been reviewed extensively [5, 6, [14] [15] [16] [17] [18] .
Evolution-based design: "new" functions
The most difficult challenge in (re)design is the introduction of substitutions that allow a "new" reaction, i.e., not simply enhancement of a promiscuous reaction. The idea behind evolutionbased design is that the comparisons of sequences of members of mechanistically diverse superfamilies should provide sufficient information to (re)design active sites to catalyze reactions catalyzed by homologues.
Enolase Superfamily
In the enolase superfamily, a single substitution permits both an L-Ala-D/L-Glu epimerase (AEE) and a muconate lactonizing enzyme (MLE) to catalyze the o-succinylbenzoate synthase (OSBS) reaction ( Figure 1) ; neither progenitor is promiscuous for the OSBS reaction [19] . The natural enzymes that catalyze the AEE, MLE, and OSBS reactions share potential Lys acid/ base catalysts on opposite faces of the active site at the ends of the second and sixth β-strands in the (β/α) 7 β-barrel (modified TIM-barrel) domain. Design in the case of the AEE from E. coli and directed evolution (random mutagenesis/metabolic selection) in the case of the MLE from Pseudomonas sp. P51 identified homologous single-residue substitutions that introduced OSBS activity while retaining a reduced level of the progenitor's activity: substitution of a Gly for an Asp (AEE) or Glu (MLE) at the end of the eighth β-strand was sufficient to introduce OSBS activity. These produced remarkable increments in the rate accelerations for the OSBS reaction: 10 8 for the (re)designed AEE and 10 10 for the MLE variant.
In the AEE, the ability of the Asp to Gly mutant to catalyze the OSBS reaction is attributed to relaxation of a strict substrate specificity for a dipeptide substrate determined by the Asp that hydrogen bonds to the ammonium group of the substrate; presumably, the Asp prevents binding (by steric and electrostatics) of the substrate for the OSBS reaction, with these restrictions relieved by the Gly substitution. Further evidence that alteration of specificity determinants is sufficient to change the identity of the reaction was obtained by directed evolution of the AEE variant. The Y19F substitution in the 20s loop of the capping domain that sequesters the substrate from solvent produced increases in k cat and k cat /K M [20] ; in subsequent rounds, additional beneficial substitutions (R24C, R24C/L277W, and R24W) within the active site cavity were identified [21] . Thus, the identity of the reaction was changed by altering a specificity-determining residue, not a catalytic residue.
As the catalytic efficiency for the OSBS reaction was increased, the efficiency of the progenitor's AEE markedly decreased. In these experiments, the promiscuity generated by the designed substitution was rapidly "lost" as the OSBS reaction was enhanced, i.e., if this process mimics natural divergent evolution of function, the "new" activity is established at the expense of the progenitor's activity. Tawfik has summarized other examples of directed evolution of new functions in which the progenitor's activity is not compromised as the new activity is enhanced [17, 22] .
Asp/Glu racemase superfamily
A minimal number of substitutions is sufficient to interchange activities in the Cys-dependent Asp/Glu racemase superfamily that includes members catalyzing decarboxylation of (prochiral) α-aryl-α-methylmalonates to yield (R)-α-arylpropionates (AMD). In the paradigm racemases, Cys residues located on opposite faces of the active site are the acid/base catalysts, and the enolate intermediate is stabilized by hydrogen-bonding with main-chain NH groups. In the decarboxylases, loss of CO 2 generates the enolate intermediate, so only a single Cys residue is present [23] . Homology-based (re)designs of the decarboxylase from Alkaligenenesis bronchiosepticus ( Figure 1 ) generated α-arylpropionate racemase activity by introducing a Cys on the opposite face of the active site (G74C) [24] ; and 2) inverted the stereospecificity of decarboxylation by removing the wild type Cys and introducing a Cys on the opposite face of the active site (G74C/C188S) [23] . The designed racemase retained decarboxylase activity but produced racemic α-arylpropionate products, as expected for symmetric protonation of the enolate intermediate. In both examples of (re)design, the kinetic constants for the "new" activities were low; however, the activity of "inverted" decarboxylase could be improved by directed evolution [25] .
Enoyl-CoA hydratase superfamily
The reactions catalyzed by most members of the enoyl-CoA hydratase (crotonase) superfamily involve enolate intermediates derived from coenzyme A-thioesters, including syn-hydration of trans-2-enoyl-CoAs by crotonase and dehalogenation of 4-chlorobenzoyl-CoA by a dehalogenase (CBD) [26] . Hydration involves stepwise syn-addition of water catalyzed by two Glu residues (Glu 144 and 164 in the rat liver enzyme); dehalogenation involves displacement of chloride by Asp 145 to form an acyl-enzyme intermediate followed by hydrolysis of the aryl ester with the assistance of His 90. Installation of two Glu residues in the dehalogenase at the same positions as the catalysts in crotonase produced an unstable protein [27] . Six additional substitutions were engineered to allow proper orientation of the Glu catalysts; the octamutant catalyzed slow syn-hydration of trans-2-butenoyl-CoA (Figure 1 ). Although the efficiency of the (re)designed protein is less than that of the natural crotonase, this success is remarkable because the mechanisms for generating the enolate intermediates are very different (nucleophilic addition to the aromatic ring to form a Meisenheimer complex in the progenitor dehalogenase; addition of water to the conjugated enoyl ester in the designed enoyl-CoA hydratase).
Evolution-based design: enhancement of promiscuous functions
A more successful (re)design approach has been to incorporate substitutions, based on sequence and structure alignments, that enhance promiscuous activities, often, but not always, at the expense of the activity of the starting template.
N-Acetylneuraminate lyase (NAL) superfamily
The members of the NAL superfamily catalyze reactions involving formation of a Schiff base with an α-ketoacid followed by (retro)aldol condensation, β-elimination of water, and/or vinylogous decarboxylation reaction [28, 29] . The paradigm NAL catalyzes the retroaldol cleavage of N-acetylneuraminate to yield pyruvate and N-acetyl-D-mannosamine; the homologous dihydrodipicolinate synthase (DHDPS) catalyzes the condensation of pyruvate with L-aspartate-β-semialdehyde (ASA) in lysine biosynthesis. NAL is promiscuous for the DHDPS reaction, with sequence alignments identifying a Leu in NAL that is replaced by an Arg in DHDPS; this residue had been implicated in binding the aldehyde cosubstrate [30] . The Leu to Arg substitution was constructed in the NAL scaffold, with additional constructs containing substitutions for spatially proximal residues so that the Arg might be better accommodated ( Figure 2 ). Modest enhancements in the DHDPS activity were observed, with increases in k cat and decreases in the K m for ASA. The NAL activity of the template was compromised, as the result of increases in the K m for N-acetylneuraminate.
4-Oxalocrotonate tautomerase (4-OT) superfamily
The members of 4-oxalocrotonate tautomerase (4-OT) superfamily catalyze reactions involving an enolate intermediate derived from a carboxylate substrate using a conserved Nterminal Pro as either a general acid or general base catalyst, depending on the reaction [31] . In tautomerization reactions, e.g., that catalyzed by 4-OT, the pK a of Pro 1 is 6.4, and it functions as a general base; in conjugate addition reactions, e.g., that catalyzed by trans-3-chloroacrylate dehalogenase (CaaD), the pK a of Pro 1 is 9.2, and it functions as a general acid. In 4-OT, Arg (Figure 2) , consistent with enhanced stabilization of the enolate intermediate in hydration [32] . The L8R substitution did not significantly impact the 4-OT activity. The structures of the 4-OT and the L8R mutant reveal only small changes in active site structure.
OMPDC suprafamily
The orotidine 5'-monophosphate decarboxylase (OMPDC) suprafamily includes OMPDC (stabilization of a vinyl carbanion intermediate [33, 34] ) as well as 3-keto-L-gulonate 6-phosphate decarboxylase (KGPDC, decarboxylation of a β-ketoacid via an enolate intermediate [35] ) and D-arabino-hex-3-ulose 6-phosphate synthase (HPS; aldol condensation via an enolate intermediate) [36] . The reaction catalyzed by OMPDC is metal ion-independent; those catalyzed by KGPDC and HPS require Mg 2+ to stabilize the enolate intermediate. Interchange of the OMPDC and KGPDC/HPS reactions would be impressive examples of (re) design, but this has not been accomplished. KGPDC from E. coli and HPS from Methylomonas aminofaciens share 29% sequence identity; each is promiscuous for the other reaction. Residues conserved in KGPDCs but not in HPSs include hydrogen bond donors involved in substrate recognition and others that facilitate stereorandom protonation of the enediolate intermediate derived [37] . A tetramutant of KGPDC that incorporates consensus HPS residues increased k cat for the HPS reaction by a factor of 170; a trimutant increased k cat /K M by a factor of 260. Both displayed retained reduced KGPDC activity (Figure 2) . Structures for the triple mutant complexed with the D-ribulose 5-phosphate substrate for the HPS reaction and the Lxylulose 5-phosphate product for the KGPDC reaction revealed only small changes in active site geometry relative to wild type KGPDC complexed with the same ligands [38] , preventing a definitive explanation for the large enhancement of the HPS activity.
Terpene synthases/oxidosqualene cyclases
The members of the terpene synthase and oxidosqualene cyclase superfamilies involve reactive carbocation intermediates obtained from allylic (e.g., geranyl, farnesyl, or geranylgeranyl) pyrophosphates in the terpene synthases and epoxides in the oxidosqualene cyclases. In contrast to reactions that involve enolate intermediates that must be stabilized to allow kinetic competence, the carbocations are directed to products by an appropriately shaped active site cavity with functional groups to quench the product cation by proton removal or reaction with water. These enzymes often are promiscuous as the result of rearrangements, incorrect deprotonation, and/or reaction with water [39] . If the structural features that allow these "mistakes" can be identified, specific and/or "novel" synthases can be (re)designed. Several examples of (re)design in both superfamilies have been reported.
Kaurene synthase in the terpene synthase superfamily has been converted to a pimaradiene synthase by the substitution of an Ile with Thr [40] (Figure 2) ; the aborted cyclization is attributed to the Thr OH that assists in deprotonation of a carbocation intermediate on the reaction coordinate. Similar approaches have been used with other terpene synthases [41] [42] [43] , establishing the essential role of the hydrophobic active site to direct the reactive intermediates to the "correct" products. Analogously, cycloartenol synthase in the oxidosqualene cyclase superfamily has been (re)designed as a lanosterol synthase by substitutions for two conserved active site residues [44] (Figure 2) .
A similar approach for (re)designing terpene synthases is evaluation of the effect of in vitro substitutions for active site residues on product promiscuity and use of that information to combine those substitutions that favor a desired product. γ-Humulene synthase was (re) designed to provide seven cyclases that form different sesquiterpenes from farnesyl pyrophosphate [45] . This approach also allows the discovery of novel promiscuities that may be cryptic in evolved cyclases but were properties of evolutionary intermediates [46, 47] .
Evolution-based (re)design of "new" functions: grafting of loops
The previous examples of (re)design changed function with one (or a few) substitutions. The evolution of different functions in mechanistically diverse superfamilies likely were initiated by such processes, so these in vitro experiments provide information about the early stages of natural divergent evolution [13] . However, sequence alignments reveal many examples of insertions/deletions of residues, raising the issue of the importance of such processes in natural (re)design [48] . Also, sequences that support different functions (families) within mechanistically superfamilies typically share <40% sequence identity, explaining why one (or a few) point mutations in a progenitor may not produce variants that catalyze "new" reaction with large values of k cat or k cat /K m . Therefore, more aggressive in vitro mutagenesis strategies may be required to (re)design members of mechanistically diverse superfamilies.
The members of a metallohydrolase superfamily catalyze reactions of carboxylate esters, sulfate esters, or phosphate esters. Glyoxalase II (D-lactoylglutathione, binuclear metal center with Fe, Mn, and/or Zn, GlxII) has been converted to a β-lactamase (binuclear Zn center) by insertions/deletions and loop swapping [49] . GlxII and IMP-1, the "target" β-lactamase, share low levels of sequence identity, different metal ligands, and loops of differing size/sequence that determine substrate specificity. After deletion of the glutathione binding domain, redesign of the metal binding site, randomization of specificity determining loops, and directed evolution, a variant was isolated that conferred antibiotic resistance and retained 59% sequence identity to the progenitor and shared 25% identity to the "target"; however, the kinetic parameters for cefotaxime are considerably less than those for IMP-1 (Figure 2 ). Thus, "aggressive" (re)design of a scaffold is possible. Whether this approach provides useful insights into the molecular events responsible for natural divergent evolution of novel functions is arguable, but implementing (re)design of active site loops clearly is essential for fully exploring structure-function space [48] .
Computation-based (re)design of "new" functions
Evolution-based (re)design provides catalysts for natural reactions. Recently, catalysts for unnatural reactions have been obtained by two approaches: 1) alteration in the specificitydetermining residues when the reaction is catalyzed by a natural enzyme, e.g., the generation of enantiospecific hydrolases from lipases using directed evolution [50] [51] [52] ; and 2) de novo (computation-based) (re)design using a structurally characterized scaffold as the template for the "new" active site. The first approach is now widely used for the development of biocatalysts; the second approach represents the "frontier" for testing our understanding of the structural bases of enzymatic catalysis.
Two examples of computation-based (re)design of enzymes have been reported, both from the Baker laboratory [53] . The approach involves 1) in silico construction (using RosettaMatch) of active sites with an appropriate spatial arrangement of functional groups surrounding the presumed transition state in a scaffold that catalyzes an unrelated reaction; 2) in silico optimization of the active site geometry by changes in "outer sphere" residues; and 3) experimental confirmation by gene synthesis, protein purification, enzymatic assays, and xray crystallography.
Retro-aldolase
A "retro-aldolase" for cleavage of 4-hydroxy-4-(6-methoxy-2-naphthyl)-2-butanone was (re) designed using this approach; the aldehyde product is fluorescent, thereby providing a facile, sensitive assay [53] . Four variants of a Schiff base mechanism were designed: the mechanism is multi-step, requiring proton transfers to/from the covalent adduct as well as stabilization of several transition states. Seventy-one structural scaffolds, representing five different folds, were used as templates for the designed active sites; seventy-two designs were tested, based on either a jelly-roll or TIM-barrel scaffold. Twenty-eight were catalytically active: 8 using a His-Asp dyad to shuttle protons, and 20 using a water molecule, thereby mimicking the mechanism of 2-deoxy-D-ribose 5-phosphate aldolase (also a TIM-barrel scaffold) [54] . The "best" retroaldolase, based on the jelly-roll scaffold of a thermophilic β-xylanase (1M4W), provided a rate acceleration (k cat /k uncat ) of 2.4 × 10 4 and an efficiency (k cat /K m ) of 0.3 M −1 sec −1 (vs. 1 × 10 5 M −1 sec −1 for 2-deoxy-D-ribose 5-phosphate aldolase). Structures were determined for three retroaldolases; each showed good agreement with the predicted (re) design.
Kemp "eliminase"
The report of the (re)designed retro-aldolase was followed by the report of a (re)designed "Kemp eliminase" [55] , an exergonic reaction initiated by proton abstraction from carbon that has no natural counterpart. Two catalytic strategies were evaluated, one using Asp or Glu as the base and the second using a His-Asp dyad. Fifty-nine designs were experimentally tested, with 8 showing activity that utilized TIM-barrels as scaffolds (1JCL, 2-deoxy-D-ribose 5-phosphate aldolase, and 1THF, imidazoleglycerol phosphate synthase, HisF). The values of k cat /K m ranged from 6 to 160 M −1 sec −1 . Experimentally determined structures confirmed the accuracies of the models.
The values of the rate acceleration and efficiency (1.5 × 10 4 and 12 M −1 sec −1 ) for one Kemp eliminase were improved by seven rounds of directed evolution, increased to 1.2 × 10 6 and 2.6 × 10 3 M −1 sec −1 . The mutations were located in the active site, adjacent to the catalytic residues to fine-tune their positions relative to the substrate/transition state and/or adjust electrostatic stabilization of the transition state. Directed evolution to optimize the computation-based (re) design enhances the utility of this approach.
Conclusions
Surprisingly few successes in (re)design have been reported, although many have been attempted. And, when successful, the rate accelerations and catalytic efficiencies almost always fall far short of evolved enzymes. Why should this be the case?
1. Catalysis is exquisitely sensitive to active site geometry. Subsequent directed evolution provides a potential solution to this problem, as illustrated by enhancement of the evolution-based (re)design OSBS activity on the AEE scaffold [21] and, also, the computation-based (re)design of the Kemp eliminase [55] .
2.
Templates optimized for a specific function may not be appropriate for (re)design, e.g., substitutions often are destabilizing so (re)design requires that the progenitor tolerate functional substitutions [56] [57] [58] . The sequence divergence associated with different functions in homologous proteins provides essential stabilization for the active site structures that catalyze different reactions [59] . At present, the choice of progenitor is "trial and error"; consensus sequences associated with phylogenetically reconstructed (stable) ancestors may provide the necessary stabilization for robust (re)design [60] 3. Natural evolution of new functions likely involves concomitant optimization of dynamical properties that direct the reaction coordinate [61] [62] [63] [64] . (Re)design of the structural features that determine dynamics in concert with those that determine mechanism represents a formidable challenge that must be overcome
As the field of enzyme (re)design moves forward, solutions to these challenges will be required to obtain catalysts that rival those obtained by natural evolution. As these problems are addressed and solved, (re)design will provide insights into the structural requirements for both natural divergent evolution of enzyme function as well as strategies for obtaining novel catalysts for a wide range of reactions. Progenitors, (re)designed reactions, and kinetic constants for the "new" reactions obtained using evolution-based approaches. Progenitors, (re)designed reactions, and kinetic constants for enhanced promiscuous reactions obtained using evolution-based approaches. Progenitor, (re)designed reaction, and kinetic constants for a "new" reaction obtained using evolution-based grafting of loops. Progenitors, (re)designed reactions, and kinetic constants for "new" reactions obtained using computation-based approaches.
